Crystallographic anisotropy of static mechanical characteristics and fatigue reliability of ¢-Sn single crystal was investigated in this study. The static mechanical properties of ¢-Sn strongly depend on crystallographic orientation and yield stress is extremely high in the [001] orientation compared with other orientations. The low cycle fatigue life of ¢-Sn also exhibits remarkable orientation dependence and the life of ¢-Sn can be predicted by inelastic strain energy density regardless of crystallographic orientation. The finite element analysis based on these experimental data revealed that the thermal fatigue lives of BGA joints, in the case of ¢-Sn single crystal, differ remarkably as the inelastic strain energy density produced per cycle differs in conjunction with the difference in crystallographic orientation.
Introduction
With high integration of semiconductor devices in recent years, attempts to downsize solder joints in semiconductor packages to micro scale are now taking place. There are latest studies that clearly demonstrate that if Sn-rich lead free solder alloys, representative of which is Sn3.0 mass%Ag 0.5 mass%Cu introduced for environmental purposes, are used for micro-joints of electronic packaging, the joint microstructure is composed of a single crystal or several crystal grains. 17) Sn, a main composing element of solder, is low symmetric body-centered tetragonal crystalline (c/a = 0.54), exhibiting anisotropic mechanical characteristics. 8, 9) Thus, it is predictable that the use of Sn-rich lead free solders for micro joints will cause Sn crystallographic anisotropy to have effects on fatigue reliability. 10, 11) Influence of Sn crystallographic anisotropy on microstructural change during fatigue deformation for SnAgCu solder is studied, recently.
12) The crystallographic anisotropy on mechanical properties of Sn, however, has yet to be elucidated and its effects on fatigue reliability are not known. From perspectives of cost and resource depletion, the demand and needs for electronic packages having joints of lower-Ag content solder alloys are increasing in recent years and elucidation of the effects of the crystallographic anisotropy of Sn on mechanical reliability is a matter of significance.
Therefore, this study was carried out to experimentally investigate Sn for static mechanical characteristics and crystallographic anisotropy of low cycle fatigue lives. On the basis of the experimental data, the thermal fatigue reliability of BGA (ball grid array) solder joints was analyzed by the finite element method (FEM).
Experimental Method

Static mechanical characteristics
In this study, crystallographic anisotropy of ¢-Sn static mechanical properties was investigated through a compression testing. For the fabrication of specimens, ¢-Sn single crystals of 99.999% purity produced by the Bridgman method was made into an ingot which was further cut into prismatic rods with 1 © 2 mm each with a wire saw so as to determine stress axes to be [ [111] . For the compression test, a micromechanical testing machine with a piezo actuator attached (Saginomiya Seisakusho, Inc. Nano-servo testing machine) was introduced. The initial strain rate of 1 © 10 ¹3 s ¹1 and 298 K temperature were applied and then elastic modulus and yield stress in all directions were measured.
For conducting numerical analysis, later in this study, of thermal fatigue reliability in consideration of crystallographic anisotropy, anisotropic parameters relating to yield stress and elastic modulus were calculated from the results obtained. For anisotropy, generally a mechanical model following the theory of crystal plasticity is desirably used. Since it was, however, difficult at the time to apply such model to Sn having marked anisotropy, the Hill's yield criterion 13) shown in the eq. (1) was used for simplicity's sake in this study to reproduce the anisotropy. where · Hill is Hill's stress and " ·ð¡Þ is the hardening function. Hill's stress is defined as follows:
where F to N are determined from the yield stress ratio R of each orientation. 
In this study, [010] was defined as xx, [001] as yy and [100] as zz. Calculated parameters (R for each orientation) were validated by the FEM analysis using the 1-element solid model through the compression test. For FEM analysis, ANSYS ver. 13 was employed and analysis was performed for perfectly plastic solids after the occurrence of yield.
Characteristics of low cycle fatigue
Low cycle fatigue properties were obtained by means of the strain-controlled fatigue (tensile-compression) testing. The dimensions of the plane shaped specimens were gauge length 1 mm, gauge width 0.5 mm and thickness 0.7 mm; the ¢-Sn single crystal ingot of 99.999% purity produced by the Bridgman method was machined to provide the stress axes the same orientations as those of the specimens used for the compression testing. Figure 1 shows the specimen shape. The machine for the compression test was also used and fatigue lives in all orientations were measured under the conditions of the strain rate of 1 © 10 ¹3 s
¹1
, 298 K temperature and total strain ranges of 1 and 0.7%. Fatigue life was defined as the cycles where the maximum force was reduced by 30% from the initial force.
Thermal fatigue analysis by finite element analysis
Effects of ¢-Sn crystallographic orientation on thermal fatigue of BGA joints were investigated based on the results obtained from the compression test and fatigue test of single crystal. Analysis model (1/2 symmetric) was diagonal portions of BGA package consisting of Si die, solder bumps (¢-Sn) and FR-4 substrate. Figure 2 shows the FEM model.
The quadratic tetrahedral element was used for all components and solder bumps were in the state of single crystals. As shown in Fig. 3 For the material model, solder bumps were of elasto-creep material, and FR-4 and Si were of isotropic elastic material. Elastic properties of each material are shown in Tables 1  and 2 . The elastic modulus of Sn was assumed to have orthogonal anisotropy. 9) Poisson's ratio in elastic deformation also has anisotropy, while the anisotropy was not considered for simplicity's sake in this study. Since the metal is plastically incompressible, influence of anisotropy of Poisson's ratio in elastic deformation on creep deformation seems to be less. *Elastic modulus of Sn is given in Table 2 . where _ ¾ is the creep strain rate, · is the stress (MPa), T is the temperature (K), R is the gas constant. Temperature profile of thermal fatigue was in the form of trapezoidal wave with the inclusion of the maximum temperature of 373 K, the lowest temperature of 298 K, and 30 min of temperature dwelling at the times of the maximum temperature and the lowest temperature. The ramp time was set to 60 min. Figure 4 shows true stresstrue strain curves obtained from the compression test. Mechanical characteristics of ¢-Sn strongly depend on orientation. The yield stress is exceptionally high in the [001] orientation and it is nearly five times higher compared to the [100] and [010] directions. The remarkable anisotropy of yield stress suggests that the critical resolved shear stress of the slip system that becomes active when stress is loaded in the [001] direction differs substantially compared to other slip systems. Slip systems having large Schmidt factors relative to each stress axis are selected from possible active slip systems, and then the critical resolved shear stress for each relative slip system was calculated. The result of this calculation shows that there are nearly seven to eight times differences between the stress axis in the [001] orientation and the stress axis in the [100] orientation. Since active slip systems, however, in individual orientations have not been established at the present moment, further investigations on critical resolved shear stress need to be conducted.
Results and Discussion
Static mechanical properties of ¢-Sn single crystal
For reproduction by FEM analysis of the anisotropy having such yield stresses as referred to above, Hill's yield criteria were used in the study. Hill's parameters are determined from the yield stresses for [100], [010] and [001] . As for the parameters of shear direction, estimation was made from axial directions due to experimental difficulties at the time. Table 3 shows Hill's parameters. Table 4 shows the yield stress of each orientation calculated by FEM analysis using the 1-element model. The experimental results and FEM analysis results are mostly similar each other and this is also true for the [110] orientation and [111] orientation, which are not included in determining Hill's parameters. For crystal anisotropy of yield stress, models based on the theory of crystal plasticity, such as Schmidt law, should essentially be used. In the case of ¢-Sn having few active slip systems 15) and strong anisotropy in one direction, which is close to orthotropic behaviors, the use of Hill's anisotropic yield criteria is helpful for descriptions.
3.2 Low-cycle fatigue properties of ¢-Sn single crystal Figure 5 shows the cyclic stressstrain curves during the third cycle (hysteresis loop). Like in the results of the compression test, cyclic stressstrain curves are also orientation-dependent and the strength for [001] is higher even in the same total strain range. orientation where the yield stress is high. On the other hand, it is longer in the [010] and [001] orientations. As the anisotropy of these fatigue lives is relevant to yield stresses, the critical resolved shear stress of the slip system previously mentioned seems to be involved in the fatigue endurance. However, detail mechanisms are not known. For the case in which lives differ widely in the same strain range, the MansonCoffin law, generally used as the law for low-cycle fatigue life, cannot be applied. As in Fig. 5 , in the case in which the inelastic-strain energy density (the area of the hysteresis loop) differs depending on the orientation, the eq. (5) that uses the inelastic-strain energy density can possibly be applied. 16) 
where ¦W is the inelastic-strain energy density, N f is the fatigue life, ¢ is the fatigue exponent, and C is the material constant. The relations between inelastic-strain energy density and fatigue life are shown in Fig. 6 . As shown in the Fig. 6 , fatigue life has a relationship with inelastic strain energy and the eq. (5), regardless of the orientation. In this research, the fatigue exponent, which is the line gradient, is about 0.5. Thus, the low-cycle fatigue life of ¢-Sn single crystal is controlled by the inelastic-strain energy density and it is predictable with the eq. (5) that uses inelastic-strain energy density. Table 6 shows the fatigue life for each orientation obtained by FEM. In this study, it assumed that thermal fatigue life can be estimated from isothermal fatigue life at room temperature. 17) Fatigue life ratio is calculated by using the fatigue exponent obtained from Fig. 6 after finding the inelastic strain energy density in stress concentration area of the outermost bump for each orientation pattern at third cycle by FEM analysis. With the difference in crystal orientation, the inelastic strain energy density produced per cycle differs and there occurs more than 20 times difference in fatigue life. In addition, thermal fatigue life becomes different by the 45 degree rotation of the crystal even if the Y axis orientation is the same. In this study, the life becomes short in the case that [001] does not exist in XY plane. It can be anticipated that effects of crystal orientation will cause wide variations in thermal fatigue life in the ¢-Sn-based micro solder joints.
Thermal fatigue analysis of BGA joint
Conclusion
In the study, the compression testing and low cycle fatigue testing of ¢-Sn single crystal were carried out. Furthermore, thermal reliability of BGA joints was studied using the FEM analysis. The following results were obtained.
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